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SUMMARY 
The problem considered was .laminar free convection heat transfer 
from a vertical isothermal circular cylinder for the case where the effect 
of curvature was importante 
Average heat transfer coefficients were determined experimentally 
for laminar free convection heat transfer from a vertical electrically 
heated wire„ Tests were run in three fluids: water, mineral oilj, and air* 
The wire was platinum, 0<,0159̂  in» in diameter and 2*59:••in* long* It was 
heated by current from a twelve volt storage battery* Measurements were 
made of the power input, ambient fluid temperature and wire temperature. 
The wire was calibrated as a resistance thermometer so that its tempera-
ture could be determined from a resistance measurement* This resulted in 
an average value of the wire temperature,, 
Higher average heat transfer coefficients were obtained for the wire 
than, would have been possible with a flat plate subjected to the same 
boundary condit;ions. The influence of curvature was less significant for 
the fluids with the higher Prandtl numbers. 
The experimental results compared well with the analytical solutions 
of Hama, Recesso, and .Chris.tia.ens (5) and Le Fevre and M e {k)0 
The results were presented in both tabular and graphical forms which 
gave the ratio of the average Nusselt numbers for the cylinder and flat 
plate as a function of |, where 




V I 1 
£ ranged from 7*72 t o 20.2 f o r w a t e r , 25*0 t o 6.6*2 f o r o i l , and 2^ .0 t o 
~$V0± fo r a i r . The Grashof number based on t h e wi re l eng th ranged from 
f\ Q h \ 6 
l u l l x 10 t o 2*01 x 10 for w a t e r , 3*71 x 10 t o 1*84 x 10 fo r o i l , and 
5 6 
5*29 x 10y t o 2.15 x 10 fo r a i r * 
CHAPTER I. 
INTRODUCTION 
The problem investigated in this research was laminar free convec-
tion heat transfer from a vertical wire. Heat transfer Iby free convection 
occurs.whenever an object at some arbitrary temperature is allowed to con-
tact a fluid at a different temperature„ The fluid near the surface of 
the object experiences a change in density due to the temperature dif-
ference which exists between the bqdy and the surrounding fluid. The 
fluid adjacent to the surface will move either up or down, depending upon 
whether it is heated or cooled by the surface, and in. this manner currents 
are established in a region near the body* This motion takes place in a 
relatively thin layer of fluid called the hydrodynamic boundary layer, 
The region near the surface where the fluid temperature is significantly 
different from the ambient temperature is known as the thermal boundary 
layer* It is the convection current, transporting heated or cooled fluid 
away from the body, that effects the phenomenon of free convection heat 
transfer* Generally, and this is the case .In the present research, the 
force causing the motion of the fluid is due to the earth's gravity. In 
the analysis of free convection problems, it makes no difference .whether 
the fluid is heated or cooled by the immersed body, because the non-dimen-
sionalized differential equations which describe the heat transfer process 
are identical for the two cases. 
Laminar free convection heat transfer from vertical circular cylinders 
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and v e r t i c a l f l a t plates are related* Merk and Prins (.1) have shown 
that for ident ica l boundary conditions and equal distances from the leading 
edge, the local laminar free convection heat t ransfer coefficients are 
the same for the vertical , isothermal f l a t p la te and the ve r t i c a l isother-
mal c i rcu la r cylinder when the radius of the cylinder is much larger than 
i t s boundary layer th ickness . Ostrach (2) solved the laminar free convec-
t ion boundary layer equations for the v e r t i c a l isothermal f l a t p la te for 
several Prandtl numbers using a d i g i t a l computer* 
Sparrow and Gregg (3) solved the laminar free convection boundary 
layer equations for the case of the v e r t i c a l isothermal cylinder for 
Prandtl. numbers of 0*72 and 1*0 by using a ser ies solution* They began 
with abbreviated forms of the Wavier-Stokes equations, energy equation, 
and continuity equation which were obtained a f te r an order ana lys i s , and 
assumed steady s t a t e conditions and constant f luid propert ies with the 
exception of the density* Viscous d iss ipa t ion and work against the gravi ty 
f ield were neglected* Solutions were obtained numerically with a d i g i t a l 
computer for Prandtl numbers of 0*72 and 1*0* The Sparrow and Gregg so l -
ution was of the form 
NuT n 
IT 3 1 " *«' *•) 
L fp 
where £ was defined as 
* « 2 J± 
5 ~ 1 r " 
IT ° 
G r L 
*Iumbers in parentheses refer to references in. the Bibliography* 
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(A complete l i s t of symbol def ini t ions is given, in the Nomenclature in 
Appendix D, p».48») Curves were plotted for the solution in the range 
of | from 0 to 1. 
LeFevre and Ede (k) used the in tegra l boundary layer re la t ions and 
a ser ies approximation to obtain an approximate solution for laminar free 
convection from a v e r t i c a l isothermal c i rcu la r cyl inder . Their solution 
was 
..Nu L cy l 
;GrLPr) 
7 Pr 
J[20-V 21 Pr) 35 
272 + 315 Pr 
64 + 63 >Fr" 
12/G- PrO 
- 1 
This solution is shewn in. Figures J, 8, and 9 /beginning on p« 22, fcr 
Prandtl numbers of 0*72, J+.52, and 162* 
Among the more recent invest igators of the problem of laminar free 
convection from a v e r t i c a l c i r cu la r cylinder with uniform wall temperature, 
Bama, Recesso, and Christiaens (5) solved the integrated boundary layer 
equations, simplified considerably by discarding the ine r t i a term in the 
momentum equation* Their solution is 





J —— dt " 27 . 
^ a n 2a ^ 
3a e - 1 . e - 1 Xa + 2a (1) 
3a 2a 
d t -
17 _1 2v X_ 
27 '** Pr _,. . x 3 r gP(t - t ,)r ^ o o r w °° 0 
1 e* 32Pr 
This solution was not quite accurate for small values of | because the 
h 
assumed profi les were s l i gh t ly in error for small |» They recommended tha t 
the values of | obtained by the above equation be reduced by 8*5 Per> cent 
for a Prandtl number of 0,>72 in. order to obtain agreement with the f l a t 
p la te solut ion, i*e», £ = 0» [Their recommended values cqmpared.we.il. with 
data they obtained from t e s t s conducted on ve r t i c a l isothermal cylinders 
in a i r in the range of | from 3*1 to 56, and with the 'Sparrow and Gregg 
solution for | < 1»0 and Pr « 0.72«. Recommended values of l/cxf the dimen-
sionless local heat t ransfer coeff ic ient , versus | were tabulated in. the 
range of g from 0»107 to k^ol in Reference (5 ) . 
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CHAPTER II 
INSTRUMENTATION AND EQUIPMENT 
One of the major problems encountered in planning this experiment 
was that of measuring the temperature of the test wire,. Most of the work 
that has been accomplished on free convection from vertical cylinders has 
been done with cylinders with diameters large enough to allow thermocouples 
to be run radially outward frqm the hollow inside to the outside .surface. 
This technique eliminated the problem of thermocouples or other tempera-
ture measuring probes disturbing the free convection boundary layer by 
protruding from .the cylinder surface* Because of the small diameter of 
the wire used in. the present test, it would have been .impossible to run 
thermocouples through the wire, and temperatures probes placed on the exter-
ior surface would have interfered with the boundary layer. Therefore, it 
appeared that the only practical method of measuring the wire temperature 
was to calibrate and use the test wire as a resistance thermometer. Resis-
tance thermpmeters have been widely used, and are recognized as one of the 
most accurate temperature measuring instruments available* A popular 
metal for resistance thermometers, platinum was selected for the test 
wire. Due to its extensive use in temperature measurement, the properties 
of platinum have been well established. Among the characteristics of plat-
inum which make it useful in this application are its chemical inertness, 
and its relatively high electrical resistivity and temperature coefficient 
of resistivity. The purity of the platinum wire used in this test was 
.unknown; consequently more extensive calibration testing was performed 
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than would have otherwise been necessary* 
The test wire used in this experiment was .0*0159^ in.ch.es in diam-
eter (26 gauge B & S), and 2*59 inches long across the test section,, The 
test wire arrangement is illustrated in Figure 1, p* 8* The test section 
of the wire was located between the two ^>k gauge B & S platinum potential 
taps* Potential, taps of platinum were used to eliminate parasitic thermal 
emf's. The two potential taps ,were attached to the test wire by looping 
one end of the potential tap around the test wire, and then twisting that 
end of the potential, tap .around itself* In order to assure a good elec-
trical and mechanical connection, the taps were spot welded to the test 
wire with a Baldwin Lima Hamilton model VTW 3k welder*. The lower end of 
the wire, the part, just below the lower potential tap, was run through the 
longitudinal axis of a conical piece of plexiglas and held fast to the 
plexiglas with a solvent resistant cement* The plexiglas cone was posi-
tioned with its nose pointing upward* Its details are shown .in. Figure 2, 
p* 9» The purpose of the plexiglas was to prevent the boundary layer's 
starting below the test section. A 0*75 lb* weight was attached to the 
base of the conical plexiglas to keep the wire straight and vertical* 
For temperature calibration the test wire was suspended vertically 
in. a 1000 ml pyrex beaker. The beaker was initially used for the ice bath, 
and subsequently placed on an electric stove to provide a hot water bath. 
During the actual tests a 10 gallon, rectangular, glass walled tank was 
used to hold the various fluids* 
A twelve volt storage battery was used as the power supply,. Figure 
5, p* 10 shows the wiring diagram for the test setup* The current was reg-
ulated with three 12*5 o^31 rheostats wired in, parallel, and its .value .was 
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determined by measuring the drop across a 0*10005 ohm Leeds and Ubrthrup 
model .4221 standard res is tor* Two Leeds and Northrup model 8686 Precision 
Mil l ivol t Potentiometers were used to measure the voltages a I t was nec-
essary to us,e a 10s 1 voltage divider to reduce the voltage drops which were 
to he measured to a value in the potentiometer range* 
A 0-1000 range mill ivoltmeter was placed across the standard re -
s i s t o r to make i t possible for the operator to adjust to an approximate 
current se t t ing without having to continually balance the potentiometer* 
A single pole, single throw switch which was in ser ies with the voltmeter 
was opened before any readings were taken with the potentiometers* 
Two copper-constantan thermocouples were used with an ice bath 
reference junction to measure the ambient fluid temperature* The thermo-
couples were cal ibrated a t the steam point* 
Tape 
Test Wire ~~" 
26 Gauge Platinum 
Plexiglas Base 
Potential Taps 
34 Gauge Platinum 
Sauereisen Cement 
0,75 Lb, Weight 












Pot ent iomet ers 
variaDJ.e resistance 




Before any data could be taken, it was necessary to calibrate the 
test wire as a resistance thermometer,, Resistance thermometers are 
usually calibrated by measuring the resistance at three established ref-
erence pointss the ice point, steam point and sulfur point* Since most 
of the testing was to be over a rather narrow range of temperatures, cali-
bration at the sulfur point was omitted* Instead, the wire resistance 
was measured at the ice point, and at several, temperatures between the 
ice point and the steam point* Before beginning the calibration proce-
dure, the platinum wire wa.s annealed at red heat in air for one hour* by 
passing a direct current through it* 
For the ice point measurement, the test wire assembly was immersed 
in a 1000 ml pyrex beaker filled with melting crushed ice and wate2'« A 
small direct current, around 140 milliamperes, was run through the .test 
wire while the voltage drops across the standard resistor and across the 
test wire were measured. The resistance was then easily calculated from 
Ohm's Law, R «? .E/l» After a number of readings had been taken at the ice 
point, the beaker was refilled with water and placed on an electric stove. 
Resistance measurements were then made with, the water bath at room temper-
ature and at temperatures up to 200° F„ A small, electrically powered 
stirrer was inserted in the water to .maintain uniform temperature through-
out the fluid0 The water temperature was measured with two copper - con-
stantan thermocouples» Following the resistance measurements, the value 
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of the temperature coefficient of resistivity, a, was computed from the 
relation 
R » R fl + at ) o ' w' 
and the average value was found to be 0.003820° C* compared to the value 
given for ful ly annealed, C. P» platinum of 0.003926 C" . I t is believed 
tha t t h i s discrepancy was due, primari ly, to impurities in the platinum 
t e s t wire . -
After the ca l ibra t ion was completed, the t e s t wire was v e r t i c a l l y 
suspended in a ten-gal lon, glass walled tank f i l l ed with d i s t i l l e d water* 
The wire was positioned such tha t the top of the t e s t section .was .approx!* 
mately five inches below the free surface of the water. To prevent d i s -
turbance of the free surface ,. the top of the tank was f i t t e d with plywood 
covers. To el iminate, as much as poss ib le , any extraneous motion of the 
f lu id , the tank was placed on a table which was located away from the otlier 
t e s t equipment. 
A ser ies of runs was s tar ted by closing the main switch which ener-
gized the c i rcui t« The current was regulated by adjusting the rheos t a t s . 
I n i t i a l se t t ings were for the lower power inputs . The current was in-
creased in regular jumps of approximately one-half ampere. A mi l l i vo l t -
meter which was placed aci'oss the standard r e s i s t o r allowed the operator 
to make a rough se t t ing before balancing the potentiometers. A switch in 
ser ies with the mi l l ivo l tne te r was opened, once the desired current was 
obtained, to eliminate any error caused "by the small current drawn by the 
meter c i r c u i t . For every run, readings were taken of the drop across the 
t e s t wire and the standard, r e s i s t o r , and the emf °s generated by the two 
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thermocouples used to measure the ambient fluid temperature. Two poten-
tiometers were used: one to measure the test wire voltage, and the other 
to measure the standard resistor voltage and the thermocouples' eml^s* 
By using two potentiometei's, it was possible to measure the test wire and 
standard resistor voltages almost simultaneously. Both potentiometers 
..were standardized prior to each run, 
The same procedure,, as outlined above, was used for the tests in 




Hama, Recesso, and Christiaens presented t h e i r solution for a 
Prandtl number of O.72 in the form of a table which gave the value of | 
for several values of the dimensionless local heat t ransfer coefficient 
l/cu» From the tabulated values i t was possible to obtain solutions for 
other Prandtl numberso As can be seen from equation (1) the le f t hand 




t a i r 
•oil 
a i r 
1 A 1 
1* 32 Pr b 22 Pr a i r 
" -1 1* watei' I
1 A 
52 Pr 5 32 Pr 5 
— J 
1 
"Pr . water 
¥ 
Pr , a i r 
1 
"Pr " o i l 
¥ 
Pr . a i r 
« 
(2 ) 
o i l 
(3) 
W 
Using the above re la t ions s i t was possible to convert the exist ing so l -
ution for a i r (Pr • 0»72) into solutions for water and for o i l by mul t i -
plying the tabulated values of | by the corresponding Prandtl number r a t i o 
to the one-fourth power. 
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Average ( o v e r a l l ) values of t h e d imensiqnless heat t r a n s f e r c o e f f i -
c i e n t were obta ined from t h e u s u a l d e f i n i t i o n of t h e average value:; 
avg 
5 d x • 
The i n t e g r a t i o n was perforated numer ica l ly by t h e t r a p e z o i d a l ru l e* Values 
of t h e average Nuss-elt nuiober f o r va r ious va lues of {• were c a l c u l a t e d fo r 
a i r (Pr = O.72) , water (Pr = ^ . 5 2 ) , and o i l (Pr =* 162) . The P r a n d t l num-
be r s in pa ren theses a r e t h e a r i t h m e t i c average va lues of a l l t h e e x p e r i -
mental runs in a i r , water,, and o i l r e s p e c t i v e l y . 
The expressions used for the average Nusselt numbers for the flat 
plate for air and for water were those given by Ostrach: 




fo r Pr m O.72 , (5) 
and 
Nu L f p 1.1V>6 
Gr, 
f o r Pr « 4»52 . (6) 
For o i l , a c o r r e l a t i o n r epor t ed by McAdams (6) and v e r i f i e d by t h e exper-
imenta l work of Lorenz (7) was used . The express ion was 





T for Pr » 162 . (7) 
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CHAPTER V 
DISCUSSION OF RESULTS 
The experimental results are compared with the analytical solution 
of Hama, Recesso, and Christiaens in Figures -k, 5> and 6, and with the 
solution of LeFevre and Ede in Figures 7, 8, and 9 beginning on p. 19. 
The arithmetic mean of the percentage deviation of the data from the 
solution of Hama, Recesso, and Christiaens was 6.23, lk*3 an<i 3«64 :-or 
the water, oil, and air respectively. And the mean percentage deviation 
from the solution of Le Fevre and Ede was 8.21, 11.1 and 8.15 for the 
water, oil, and air respectively. It should be noted that the curves 
Which represent the analytical solutions are for a value of the Prandtl 
number obtained by averaging the values for each of the fluids. For 
example, the curve in Figure 5 represents the solution for a Prandtl num-
ber of 162, which was the arithmetic mean value for the five runs that 
were made during the oil experiment; however, the data points for the oil 
represent Prandtl numbers ranging from 96.k at a | of 25 to 2^2 at a | of 
66.2. Another factor which results in some deviation of the data from tb.e 
analytical solutions is that the actual physical setup did not correspond 
exactly to the mathematical models used in the theory. The test wire, 
very likely, did not have a perfectly uniform temperature; the measured 
value was only an average„ Some heat was lost by conduction through the 
potential taps and current leads, and by radiation, These losses, although 
relatively small, could only be approximately accounted for. Additionally, 
there was the problem of variable fluid properties. For the water and oil, 
1'7 
the properties were evaluated at the arithmetic mean value of the wire 
temperature and the ambient fluid temperature. This could be especially 
important with the oil because its viscosity is a strong function of tem-
perature, For the air, the properties, with the exception of the expan-
sion coefficient (3 which was evaluated at t^, were evaluated at the 
reference temperature 
t'* « t - 0.38(t - t ) (8) 
as recommended by Sparrow (8). Also, the experimental error (see error 
analysis in Appendix B, p. 35) accounts for some of the disagreement. As 
expected, the greatest scatter in the data occurred at the low power in-
puts where small absolute errors give rise to relatively large percentage 
errors, especially in the temperature difference (t .- t )» The low power 
inputs correspond to the high values of | and the low values of 
1 
It is interesting to note in Figures 4, 5> and 6 that the curve for 
water falls under the one for air, and that the curve for oil is lower than 
the one for water. This indicates that the curvature effect becomes less 
significant as the Prandtl number is increased* Some insight as to why 
this occurs may be gained by examining the results of Ostrach for the 
flat plate. For a given value of |, say |_, 
3 
1 1 r ' • 
\ ° 
GrL 
Multiplying both sides by the thermal boundary layer thickness 6,, and 
rearranging yields 
!i Ji GJ !i 
I L L 
2 
At a distance from the p la te equal to 6. Ostrach's solution yields 
GrT -ji- ^h>7 for Pr = 0.72, and 
J Bt 
Gr_ -=± <* 0.8 for Pr « 100. 
L Lt 





and for Pr = 100 
6 t 6 1 _L « o.8 -4-r 3 
J 
This shows that for a given value of | and r the thermal boundary layer 
thickness decreases as the Prandtl number increases . 
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During the t e s t s Gr reached a maximum value of 2.01 x 10 (run 
Lt 
. 9 
number 11 in water). Therefore based on a critical Gr_. of 10 , the 
value usually given for vertical plane surfaces, the entire series of 
tests was in the laminar regime. However there is a possibility that 
the critical GrT is not the same for vertical circular cylinders and 
Lt 
vertical plane surfaces. 
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CHAPTER VI 
CONCLUSIONS 
This experiment has demonstrated that the solutions of Hama, 
Recesso, and Christiaens and Le Fevre and Ede can be used to predict 
the average Nusselt number for the problem of laminar free convection 
heat transfer from a vertical isothermal cylinder suspended in water 
(7*72 < i < 20»4), oil (2,5.0 < I < 66.2), and air (24.0 < I < 3^.1). 
It has also been established that the effect of curvature is less pro-
nounced for fluids with high Prandtl numbers* 
CHAPTER VII 
RECOMMENDATIONS 
It is recommended that a higher capacity power supply be us.ed for 
future work of this kind* This could be done by hooking three or four 
high capacity twelve volt storage batteries in parallel. It is also rec-
ommended that only the highest purity platinum be used whenever the .wire 
is to be used as a resistance thermometer. For further study it is recom-
mended that a series of tests be conducted to obtain data for the range of 
| (for the same or similar fluids) below the range coyered by this experi-
ment ..by .using wires of smaller lengths and/or larger diameters, and .that-a 
fluid with a very high Prandt.l number, such as glycerinef be used in one 
series of tests, 
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Ca lcu l a t i ons in t h i s appendix a r e for run number four in a i r . The 
d a t a and c a l c u l a t e d r e s u l t s fo r t h i s run a r e given in Table 3 , p . ^5 . 
The cu r r en t I was computed from Ohm's Law. 
E 
T S]* 0.2526 „ „ _ 
1 - R - = oTIoW " 2 ' 5 2 5 aaBe-
• sr 
Similarly, the resistance of the test wire, 
E 
R » *L . ° / 2 0 J 2 „ 0#o805 ohms 
1 ^ O o 
The p la t inum tempera ture i s def ined by 




•+ 32 (9) 
For temperatures below 248° F the relation between the resistance of 
platinum and its temperature is essentially linear, therefore the plati-
num temperature t and t can be considered to be equal in this range 
with negligible error. Therefore the difference between t , and t was 
neglected for the tests conducted in water and in oil, but for the air 
tests the difference was accounted for by a form of the Callendar equa-
tion given in Reference (9)0 
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The constant 5 which varies from 1.̂ 9 to 1.50 depending on the purity was 
assumed to be 1.50, the same value as published for C.P. platinum* To 
eliminate the iteration process required in the above equation, a table 
(Reference 9) was used which gave the wire temperature t for values of 
w 
the platinum temperature t and a value of 5 of 1.50. The values of R 
and a were determined by measuring the resistance at 32° F and at several 
other temperatures up to 200° F, and the average values were found to be 
0.0533 ohms and 0.00212° F~ respectively. (See Chapter I I I for the 
details of the calibration procedure*) Therefore by equation (9)0 
'p t 0.00212 
O.O8O.5 
0,0531 
- 1 + 32 275° F 
Then by using the table in reference (9) the wire tempereiture 
t » 276° F 
w • 
The total heat dissipated by the test wire is .given by 
Q m E+ I (Watts) x 3.412 TT P H tw x ' ' Watt-hr 
(0„2032)(2.525)(3.^12) - 1 . 7 5 1 ^ „ 
The heat lost by radiation was computed from 
k k, 
Q , = a e A (T » T ) 
^racL x w » 
where 
30 
a ** O.rjlk x ICT8 2 ^ T 
hr - ft; - (°R) 
e & 0«051 (Taken from Reference 10 a t t « : 276»3 F) 
v.? 
A = ABL = * ( ° °
0 1 ^ ) ( 2 . 5 9 ) . 9 i 0 2 x 1 Q -4 ft2 „ 
Then 
(736) 4 - (550) 4 Q r a d *. ( o . i 7 i ^ ) ( i o ) "
8 ( o . 0 5 i ) ( 9 . 0 2 ) ( i o ) ' 
- 0.0161 '2^i 
hr 
The heat l o s t by r a d i a t i o n from t h e wire for t h e t e s t s in water and in. oi l . 
was neg lec ted s i nce i t was extremely smalls l e s s than 0«02 pe r cent fo r 
t h e water - t e s t s , and l e s s than 0«11 pe r cent f o r the o i l t e s t s * For a l l 
t e s t s t h e conduction l o s s through t h e cu r r en t leads was assumed n e g l i g i b l e , 
because t h e a x i a l t empera ture g r a d i e n t a t t h e ends of t h e t e s t s e c t i o n was 
smal l due t o t h e fac t t h a t heat was genera ted in t h e p la t inum wire extend-
ing from t h e ends of t he t e s t s e c t i o n a t approximate ly t h e same r a t e as in 
t h e t e s t s e c t i o n itself*, However t h e conduction, l o s s through, t h e p o t e n t i a l 
t aps was not n e g l i g i b l e , and was eva lua ted by assuming t h e p q t e n t i a l t a p s 
t o be i n f i n i t e h o r i z o n t a l f i n s of cons tan t c i r c u l a r c ross sec t ion* From 
Kre i th (11) t h e s o l u t i o n fo r t h e in f in . i t e f i n i s 
Q_ « /.hPKA ( t - . t ) 
f i n -v/ c ' w <*' 
•where 
h = average heat t r a n s f e r c o e f f i c i e n t fo r t h e f i n . 
P •* pe r ime te r of t h e f in* 
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K = thermal conductivity of the fin. 
A ̂  » cross sectional area of the fin* 
The average heat t ransfer coefficient h for the outside surface of the fin 
was calculated by obtaining the average Nusselt number Nu- from Reference 
(12) a t a Grashof number Gr which was evaluated by assuming a uniform 
temperature difference equal to ( t , - t •)• Then from Reference (12) a t 
GrD » 0*0273 and P
r ** 0*72 "the mean -Nusselt number based on the diameter 
was found to be 0*713* Then. 
c Wll K _ (0,713) (0,017$) (12) 0 . o Btu 
J 
Brown and Marco (13) report the value of k for platinum as 4l*0 Btu/hr 
ft °F. Then the heat los t through one poten t ia l tap is 
Q f l n = y ( 2 3 . 8 ) A ( ° : ^ ) t l n . 9 ) ^ ) ( ^ ^ ? ' ( 2 7 6 - 9 0 ) - 0.1115 § £ . 
The t o t a l heat los t by conduction through the two poten t ia l t a p s . i s 
<Wd - 2-(0.1U5) = 0 . 2 2 3 ' ^ 
The preceding analysis gives a value for the heat conducted through the 
potential taps which is probably higher than the actual case* Even- so9 
in, the entire series of tests the value of Q , only amounted to a maxi-
cond 
mum of fifteen per cent of the total heat dissipated Q* 
The heat transfer by free convection from the test wire is 
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0 s= Q _ 0 _ Q 
^conv ^ ^rad ^cond 
= 1.75.1 - 0.016 - 0.223 = .1.512 ^ ~ 
The heat t r a n s f e r c o e f f i c i e n t i s 
, Q 1.512 _ - , Btu 
n = A / + ^ + \ « 37—: — = 9-01 —0 
A ^ w " ZJ (9 .020)(10) 4(276 - 90) h r - f t -°F 
The p r o p e r t i e s of a i r , w i th t h e except ion of t h e expansion c o e f f i c i e n t {3 
which was evaluated a t t 9 were eva lua ted a t t h e re fe rence tempera ture t * 
given by equat ion ( 8 ) . (The f l u id p r o p e r t i e s of wa te r and o i l were eva lu -
a t ed a t t h e a r i t h m e t i c mean value of t and t . ) The p r o p e r t i e s of a i r 
w 00 J x-
and water were taken from Table A - 3 in Reference 4, and the properties 
of oil were taken from Table 4 in Appendix C, p. 47. The reference temper-
ature t* was 
t* « t - O.38 (t - t ) 
,W "̂  v W »' 
« 276 - O.38 (276 - 90) m 205° F 
The p r o p e r t i e s of a i r were then found t o be 
v = 0.242 x 10" 5 — K.« 0.0175 
P 
Btu 
sec """ , y h r - f t - W F 
P r «* 0.72 P - I..83 x 1.0"5 ( ° F ) _ 1 
Then t h e Gtashof number based on t h e l eng th was 
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Gr, % L5 ( t - t ) 
2 " • ' W oo'/ 
(32<>2)(1<>83)(10)
_5 ( ^ p ) 3 (276,3 - 90 .0) 
. (0 .242) 2 (10)" 6 
1.90 x 1 0 * 
The average Nusse l t number was 
Nu_ - h L - . ( 9>01) (2^9) _ l n n 
N uL cy l ~ X - ( 0 . 0 1 7 5 j ( 1 2 r " ° 
The average Nusselt number for the vertical flat plate was; computed from 
equation (3)° 







= 0.6728 1 O 9 0 ) ( 1 Q ) 5 17*65 
Then t h e r a t i o of t h e average Nusse l t numbers was 
Nu L cy l 
Nu L f p 
111 
1 7 ^ 5 
= 6 .29 
The X-parameter | was 
(GrL) 
1 
(1*90 .x 10 ) 
&59K2) = 2jf#8< 
O7OI5947 
The dependent variable in. the solution of Le Fevre and Ede was 
Nu. L cyl 111 
1 " "T 3.25 
(GrrPr) (1.90 x 10
u x 0.72) 
3* 
and the independent variable was 
1 1 
D ( G r P r ) * m ^ i | 2 i ( i . 9 o x 10




In this analysis an estimate is made of the maximum error in the 
experimentally determined values of the average .Nusselt number, NUy _ • 
The error in the final results is determined largely by the error in mea-
suring the temperature difference (t - t •)• Therefore the runs at the 
maximum and minimum values of (t - t •) are considered, 
* w °° 
Possible Errors 
Errors could have occurred in measuring the quan t i t i e s : wire 
diameter, wire length, voltage divider r a t i o , t e s t wire and standard 
r e s i s to r vol tages , res is tance of the standard r e s i s t o r , and the temper-
ature of the t e s t wire and the ambient fluid» Errors in Q , and Q, , 
rad ^cond 
resu l t in negl ig ib le errors in the f ina l r e s u l t s . This is due to the fact 
that Q, ., and Q _ themselves are a small percentage of the t o t a l heat ^rad xond 
dissipatedo I t was assumed tha t negl ig ib le error was introduced in de ter -
mining the f luid propert ies* 
Wire Diameter 
The nominal diameter for 26 gauge B •& S wire is given as 0„C)159^ &*• 
The wire diameter was measured with a Bausch and Lomb model DR 22 op t ica l 
gauge which had an. accuracy reported by the manufacturer to be ±0»00005 
in« Readings were taken a t nine different points along the wire ' s length, 
and the average value was 0«0159^ 1*1 • with a maximum deviation due to 
non-uniformity of O.OOOCA- in . Therefore the maximum error in the wire 
diameter was 
36 
0.00005 + 0.00004 h . M n cCc 
O T o F ^ ^ 1 0 0 ) = 0 # 5 6 5 p e r c e n t • 
Wire Length 
Div iders were used t o measure t h e wi re l eng th wi th an accuracy of 




- n = - (100) = O.6O3 per c e n t . 
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Voltage Divider 
The r a t i o was measured wi th a Leeds and Northrup Po r t ab l e Wheat-
s tone Bridge and found t o 'be 9»98 : 1 ± 0 . 1 0 0 per c e n t . 
Voltages 
A l l vo l t ages were measured wi th Leeds and Northrup model 8686 Pre-
c i s i o n M i l l i v o l t P o t e n t i o m e t e r s , The accuracy spec i f i ed "by the manufac-
t u r e r was ± 0.05 per cent of t h e read ing p lus 3 ,0 uv. When t h e vo l t age 
d i v i d e r was used, t h e accuracy of t h e read ings was (neg l ec t i ng t h e 3 .0 u.v.) 
0.100 per cent + 0.05 p e r cent = ± 0.150 per c e n t . 
Standard R e s i s t o r 
The s tandard r e s i s t o r was a Leeds and Northrup model 4 2 2 1 . I t was 
checked in t h e School of E l e c t r i c a l Engineer ing a t Georgia I n s t i t u t e of 
Technology on a Kelvin Bridge a t 25° C, and found t o be 0.10005 ohms 
a c c u r a t e w i t h i n ± 0.100 pe r c e n t . The change in r e s i s t a n c e due t o tem-
p e r a t u r e change was considered n e g l i g i b l e . 
37 
Temperatures 
Based on the c a l i b r a t i o n r e s u l t s , t h e accuracy of t h e tempera ture 
of t h e t e s t wire was es t imated t o be ± 1.0° F . The thermocouples used t o 
measure t h e ambient f l u i d temperature" were c a l i b r a t e d a t t h e steam po in t 
and found t o be a c c u r a t e t o ± 1.0° F . The tempera ture d i f f e r ence ( t - t ) 
was assumed a c c u r a t e t o ± 1.5° F. This assumption was made, because 
p r i o r t o hea t ing t h e t e s t wire t and t agreed w i t h i n 1.5° F . 
Case of Low Temperature Dif ference 
The fol lowing i s for run number 22 in wa t e r . Data and c a l c u l a t e d 
r e s u l t s fo r t h i s run a re given in Table 1, p . 4 0 . 
(3 .4 l )E + E v > l tw s r 
L cy l = ADK ( t - t ) R 17 v w oo s r 
Nu; , « E' + E' + D1 + ( t - t ) ' + R* , L cyl. tw s r s w ••»' s r ' 
where t h e primes denote the per cent e r r o r in a q u a n t i t y . 
Ex = E = 0 . 1 5 0 per cent 
tw s r 
I) = 0.565 per cent 
( t - t •) ' = i ^ F (100) = 29-2 per cent \ w oo' 5 . 1 5
 v ' * 
j 
R = 0.100 per c e n t . s r 
Thus 
NuT cy l a 0.150 + 0.565 + 29.2 + 0.100 = J 0 . 1 . 
Li 
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Estimated maximum error in NuT , = 50.1 per cent. 
L cy l - * 
Case of High Temperature Dif ference 
The fol lowing i s fo r run number 8 in a i r . Data and c a l c u l a t e d 
r e s u l t s fo r t h i s run a r e given .in Table 3 , p . i+s. 
E* = E1 = 0.150 pe r cent tw sr . y ^ 
5 
D = 0..565 per cent 
( t - t ) ' = h i (100) = 0.170 per cent 
w °° bo5 * 




NuT n = 0.150 + O.56S -f 0.170 f 0.100 = O.985 per c e n t . L cy l 
Estimated maximum e r r o r in Nu, , = 0.985 per cent 
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APPENDIX C 
DATA AND CALCULATED RESULTS j 
4o 
Table 1 . Data and Calcula ted Resu l t s fo r Water 
Run No. 1 2 3 4 
E^ mv 208 .1 237.5 273 .8 302 .1 341.7 372.0 tw 
E mv 343.5 389.9 446.5 489 .7 549*0 593.2 
I amps 3.444 3.897 4 .463 4.894 5.488 5-930 
R ohms 0.0606 0.0609 0.0614 0.0617 0,0623 0.0627 
t °F 98.6 101.5 105.2 108.6 H 3 . 3 117.4 w 
t M °F 90 .1 90 .3 89.O 90.4 90.4 9O.5 
P wa t t s O.715 0.925 1.222 1.489 1.885 2 .21 
301 294 168 288 291 291 BTU 
hr f t *f 
G r L 




N u L cy l 
NuL 
fp 
NuL cy l 
mL fp 
1 
N uL cy l 
(GrLPr) 
L v L 
8.44 1.1.8 17.7 21.4 30.0 39.0 
53.9 58.6 64,9 68.1 74.0 79.1 
4.87 4.77 4.70 4.55 4.46 4.38 
186 182 166 177 178 178 
45.6 48.2 53.2 55.3 59.7 63.6 
4.10 3.78 3.H 3.21 2.99 2.8.1 
17.1 15.7 14.2 13.5 12.4 1.1.6 
2.33 2.10 I.74 1.79 1.66 1.55 
2 (GrTPr) 0.492 0.532 O.587 0.609 0.661 0.702 
(ContinuedT 
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Table 1. (Continued) Data and Calculated Results for Water 
Run Wo. 7 8 9 10 11 12 
E mv 4o6. l 433.2 506.2 571.9 655-2 148.8 
E mv 642.3 680.8 784.4 870.5 969.7 248.8 
S J. 
I amps 6.420 6.805 7.840 8.701 9.692 2.487 
R ohms O.O633 0.0637 0.0646 0.0657 O.0676 0.0598 
t °F 122.0 125.6 133.7 144.0 160.6 91.5 
t °F 90.6 89.7 87.5 87.5 87.7 86.0 
P watts 2.61 2.95 3.97 4.98 6.35 O.370 
BTU 
hr ft UF h ^ * ? %
 295 292 305 313 310 237 
GrT x 10"
6 50.3 6O.7 86.8 125 201 4.54 
1 
GrL 84.5 88.3 96.5 106 119 46.1 
Pr 4.29 4.25 4.14 3.96 3»66 5.23 
NuL c 1 1 8 ° 1 7 8 l 8 5 l 8 9 l 8 6 l l f 8 




2.67 2.53 2.44 2.29 2.04 3.8O 
NuT L cyl 
NUL fp 
i 10.9 10.4 9.53 8.69 7.72 20.0 
NuT 
1.50 i . 4 i 1.35 1,26 I .13 2.13 
1 
Y (Gr Pr) O.736 0.779 0.846 O.918 1.01 0.429 
-L. -u 
^ Cont inued) 
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Table 1 . (Continued) Data and Calcula ted Resu l t s fo r Water 
Run No. 13 14 15 1.6 1.7 18 
E^ mv 
tw 177-3 
272 .1 4 0 5 . 1 552.3 148 «0 175,8 
E mv s r 295 A 445 .8 644 .3 847-6 248..2 294 .0 
I amps 2.952 4.456 6.440 8.471 2„48l 2 .938 
R ohms 0.0601 0.0611 0.0629 0.0652 0..0596 O.0598 
t °F 93.7 102.6 118.8 139.2 90 „0 91.7 
t °F 
00 
85.7 85.7 85 .7 85 .1 84 .7 84 .8 
P wat t s O.523 1.212 2 . 6 1 4 .68 0„367 0.517 
i. BTU 
hr f t "F 235 255 280 307 248 268 
GrL x 10"
6 
6.73 1.6.8 44.4 107 4 « l l 5.53 
<*? 51.O 64 .0 81.6 102 45 .0 48.5 
Pr 5.15 4 .88 4 .44 4 .09 . 5 0 3 5.26 
NUL cy l 146 159 172 187 155 168 
W U L f p 
4 j . l 53 .1 66 .0 8 0 . 1 38A 4 1 . 3 
NuT _ L cy l 
N U L f P 
3.4o 2 .97 2 .60 2 .33 4,05 4.06 
1 18.0 14.4 11.3 9.04 20,4 19*0 
NuT _ L cy l 





0.^71 0.585 0.728 0.890 0.420 0.452 
(Cont inued) 
Table 1. (Continued) Data and Calculated Results for Water 
Run No. 19 20 21 22 23 
Ej. mv 
tw 274 .1 
4o6.5 509.4 157.9 157.4 
E mv 
s r 
450 .3 647.6 794.5 263 .8 263 .0 
I amps 4 .501 6.473 7.941 2.636 2.628 
R ohms 0.0609 0.0628 0.0642 0.0599 0.0599 
t °F w 
101.2 117.9 130.0 92 .1 92 .1 
t °F 
00 
84.9 84.9 85 .3 87.O 86.7 
P wa t t s I .234 2 .63 4 .04 0.4.16 0.414 
BTU 
hr f t °F 269 283 
321 288 276 
GrT x 10"° 15.6 42 .4 75.4 4 .35 4 .48 
« ; 62 .9 80.6 93.2 45.6 46 .0 
Pr 4.94 4 .47 4.25 5.16 5.18 
NuT ' L cyl. 1.67 
174 197 179 172 
N U L f P 52 .3 
6 5 . 1 74.2 38.5 38 .9 
NUL cy l 
N U L f p 
3-19 2 .67 2.65 4.65 4 .42 
1 14.6 11.4 9.87 20 .2 20 .0 
NuT , L cy l 
1 1.69 1.46 1.47 
2 .60 2 .48 
(G:rLPr) 
1 
I ^ I * ^ 
0.608 0.731 0.822 0.423 0.427 
Table 2. Data and Calculated Results for Oil 
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Run No. 1 2 3 4 5 
E^ mv 
tw 
124.4 188.2 263.7 363.8 ^56 .3 
E mv 
s r 
203.4 297 .0 396.2 510.9 605 .9 
I amps 2.033 2.969 3.960 5.107 6.056 
R ohms 0.0612 O.0634 0.0666 0.0712 0.075^ 
t °F 
w 
IO3.8 123.2 151.7 192.9 229 .3 
t °F 
00 
85.3 85.5 85.3 85.4 85.4 
P w a t t s 0.253 0.559 1.044 1.858 2.76 
BTU 
h 
h r f t °F 
44.7 48.4 51.4 56.4 62 .8 
-4 
Gr L x 10 3.71 10.6 29 .9 . 87.2 184 
1 
*LV 13.9 18.0 23.4 30.5 36 .8 
P r 242 196 157 120 96.4 
NuT _ L c y l 113 123 1.30 143 1.60 
N U L f p 
30.0 36.9 45.4 55.3 6 3 . I 
L c y l 
N U L f P 
3.76 3.32 2 .87 2 . 6 1 2 .53 
i 66.2 5 1 . 1 39-3 30.2 25.O 
NuL 
2.06 1.84 1.57 1.41 1.38 1 
(Gr P r ) 
1 
T ( G i v P r ) * 0.337 0.412 0.510 0.623 0.711 
Table 3. Data and Calculated Results for Aii 
^5 
Run No. 1 2 3 k 5 
E+ mv 63 .17 101.7 1^2.5 203.2 270.5. 
tw 
E mv 100.3 152.^ 198.2 252.6 299 .8 
I amps 1.002 1.524 I . 9 8 I 2.525 2.996 
R ohms O.O63O 0.0668 0.0720 O.O805 O.O903 
t , °F 120.0 I53.O I.99.3 274 .8 3 6 I . 8 
Pt 
t °F H 9 . 3 152.5 199.2 276 .3 366.3 
w 
t w °F 88 .8 89.2 89.5 90 .0 91 .0 
P wa t t s O.O633 0.151*9 0.282 O.5I3 0.810 
TVPTJ 
h — ^ L 6.65 7.99 8.1*0 9 .01 9-60-
hr f t °F 
GrL x 10~° O.529 O.965 1.42 1.90 2.06 
< * ; 
Pr 
Nu_ 1 L cy l 
NUL f P 
Nu n 
i - 2 Z ± 7.17 7-26 6.66 6 .29 6 .28 
*\1 fp 




27.0 31.3 34.6 37.1 37.8 
0.72 0.72 O.72 0.72 O.71 
92.1 108.0 109.1* l l l . l 111.6 
12.81* 11*.89 16.1*6 17.65 17.77 
3i*.l 29.1* 26.6 24 .8 21*.3 
3 .71 3.7I* 3.41* 3.25 3.20 
~ (Gr_.Pr) O.I.529 0.1780 O.I96O 0.211 0.215 
.L J-i 
(Continued) Data and Calculated Results for Air 
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Run. No. 6 7 8 
E, mv tw 347.0 465-7V 756.3 
E mv 
s r 
344.2 397.0 494 .0 
I amps 3.44o 3.968 4 .938 
R ohms 0.1009 0.1174 O.1532 
t ^ °F 
Pt 4.55.7 
6 0 2 . 1 919.7 
t °F 
w 
467 .8 622.4 980.6 
t °F 
00 
8 9 . I 9 1 . 1 95 .7 
P wa t t s 1.194 1.848 3.73 
BTU 
h 2 10.30 11.39 13.57 
hr f t °F 
GrL x 10"
6 2.15 2.02 1.55 
1 
38 .3 37 .7 35 .3 
Pr 0 .71 0.688 O.687 
NuT _ L cy l 
112.3 113.9 114.6 
NUL :fp 
18.00 1.7.26 16.12 
NUL cy l 
NUL fp 
6.24 6 .60 7 .11 
i 24 .0 24.4 2 6 . 1 
NuT _ L cy l 





l&Tfr? 0.217 0.214 0.202 
hj 
Table 4. Properties of Oil 
4 4 
Temperature Specific p x 10 v x 10 K C 
°F Gravity (̂ 'R)"1 ft2/sec Btu/hr ft °F Btu/lbm °R 
80 0,848 3.83 3.32 O.093 0.44 
100 0.842 3.86 2 .29 0.093 0.46 
14 0 0.829 3.92 1.24 O.092 0.48 
180 0.816 3 .98 0.764 O.092 0.50 
220 0.803 4.05 O.527 O.091 0 .51 
The oil used in this test was Ramol 100, a white mineral oil 
manufactured by Sherwood Refining Division of the Continental Oil 
Company, Englewood, New Jersey. The properties given in the above 
table, with the exception of c , were determined experimentally in 
associated tests. The values of c^ were estimated from the specific 
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area of the wire surface 
platinum temperature coefficient of r e s i s t i v i t y 
t e s t wire diameter 
voltage drop across standard r e s i s t o r 
voltage drop across t e s t wire 
( g p / v ) ( t - t ) (L) , Grashof number based on wire length. 
g rav i t a t iona l accelerat ion 
free convection heat t r ans fe r coefficient 
t e s t wire current 
thermal conductivity 
t e s t wire length 
average Nusself number based on length of wire 
average Nusselt number based on length, of f l a t p la te 
power input to t e s t wire 
Prandtl number 
t o t a l heat dissipated by t e s t wire 
conduction heat t ransfer from t e s t wire through po ten t ia l taps 
free convection heat t ransfer from t e s t wire 
radiat ion heat t ransfer from t e s t wire 
e l e c t r i c a l resis tance of t e s t wire 
e l e c t r i c a l res is tance of t e s t wire a t 32° F 
e lect r ica l , res is tance of standard r e s i s t o r 
r radius of test wire o 
t test wire temperature 
t temperature of surrounding fluid 
X distance from leading edge of cylinder 
0! k(t - t )/r Q , reciprocal of dimensionless local heat x w oo" o conv' * 
transfer coefficient 
3 temperature coefficient of volume expansion 
e emissivity of test wire surface 
v kinematic viscosity 
3 1 
2 " ¥ 
| 2 ( L / r )(Gr ) 3 d imensionless x-parameter 
o J_I 
o oh. 
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